Groundwater age, and its influence on contemporary water chemistry, needs to be accurately described to quantify the temporally varying impacts of land use on water quality. The time lags between solute inputs at the land surface and impacts on stream chemistry can be an important factor for managing land use in regional watersheds. Our approach uses a modified groundwater flow code to simulate reverse groundwater flow, regional flow and the solute-transport model where a unit concentration of a conservative solute serves as a proxy for groundwater age. Solute-contour lines represent groundwater travel time, which can then be coupled with Geographic Information System analyses to examine the relationship between water quality and historical land-use patterns. The reverse flow and solute modelling produced a reasonable distribution of groundwater travel times across the watershed, given the hydrology of the system. These groundwater flow paths would be unexpected if surface topography or even surface hydrology were used to predict groundwater movement. Approximately 70% of the watershed has a groundwater lag of ≤ 30 years. When the temporal lags for individual drainage areas within the watershed are compared, flush times vary dramatically. This variability is related both to the size of the sourceshed and its geology. The influence of a particular land use on stream chemistry changes depending on the time scale considered, and also depending on the sourceshed in question as a result of landscape diversity. The results suggest that land-use management practices to reduce solute loading to a watershed might not result in water-quality improvements for many years, especially if implemented on land far from streams. The influence of long groundwater flow paths that integrate past and current land uses must be considered in the interpretation of land-use effects on surface-water quality.
INTRODUCTION
The biogeochemistry of surface water and groundwater are related to land use and land cover as well as to the geology of a region. One of the most common approaches to examine these relationships is to develop statistical correlations between water chemistry and current land use in the drainage basins of surface-water sampling points. Although this provides a good initial assessment, it does not account for the temporal lag for solutes to travel from the land surface to discharge points at streams or lakes. This time lag is commonly a period of decades for the groundwater inputs that supply the base-flow component of stream flow. Evaluating the distribution of time lags between the source input and the impact on stream chemistry can be an important factor for managing land use in regional watersheds.
The environmental impacts of land use/cover are not static in time or space. Variations in natural processes, such as microbial activity or plant growth, or seasonal variation in land-use intensity can cause seasonal variations in stream chemistry. Temporal effects also occur on longer time scales. Recent research indicates that watershed land use in the 1950s was the best predictor of present-day aquatic invertebrate and fish diversity in three North Carolina rivers (Harding et al . 1998) . Surface-water quality samples taken at low flow are known to be representative of the groundwater chemistry in humid regions (Modica et 1997). However, it is rarely considered that each streamwater sample taken at low flow represents a wide variety of groundwater ages, and thus reflects a time-weighted average of anthropogenic inputs from the land surface. Therefore, groundwater age, and its influence on contemporary water chemistry, needs to be accurately described to quantify the temporally varying impacts of land use on water quality. Ultimately, our research will explore whether a dynamic land-use database that incorporates temporal changes can better explain current stream chemistry than static databases of land use at a single point in time. This paper describes the first step of our work, which is the development of a groundwater flow and transport-modelling method that will allow us to link current stream chemistry measured at base flow with historical land-use distributions. Groundwater age distributions will be coupled with Geographic Information System (GIS)-derived landuse patterns to improve our understanding of the time lag between watershed-scale landscape changes and observed effects in surface waters. The approach presented in this work provides critical input for watershed planners on the potential delay between implementing land-use management strategies and observing improvements in surfacewater quality.
STUDY SITE
The Grand Traverse Bay Watershed (GTBW) in the Northern Lower Peninsula of Michigan (Fig. 1) was chosen for this research because of the rapid population growth and land-use intensification occurring in the region over the past several decades. The region was a relatively pristine watershed and has had increased urban and agricultural development over the past 50 years. As a result, there is increased concern about the impacts of these changes on the high-quality surface and groundwater resources. Grand Traverse Bay is one of the last remaining oligotrophic bays in Lake Michigan. However, a 1998 summary of conditions in the bay indicated that the water quality in near-shore areas has deteriorated as a result of nutrient loading (Grand Traverse Bay Watershed Initiative 1998) . Previous work in the watershed has documented potential correlations between high nitrate concentrations in groundwater and cherry orchards (Rajagopal 1978) . Nitrogen loading in the watershed has also been linked to atmospheric deposition, animal waste, septic tanks and fertilizers (Cummings et al . 1990 ). The 2600-km 2 watershed contains over 100 lakes, including the Torch and Elk Lakes systems. The Boardman River is the main tributary draining the GTBW and exerts a strong influence on groundwater flow and gradient in the southern half of the watershed (Cummings et al . 1990; Boutt et al . 2001) . The surficial sediments of the watershed, which can be as thick as 275 m, are predominantly glacial outwash, till, lacustrine sand and gravel, and dunes, all of which overlay shale and limestone bedrock (Cummings et al . 1990; Boutt et al . 2001) . The water table is close to the surface in most areas of the watershed. Drinking-water wells in the area are generally screened in the range of 50-150 feet below ground surface in the outwash and lacustrine deposits (Cummings et al . 1990 ). The water table fluctuates seasonally, with highest levels in the winter and spring, and lowest levels in the summer (Cummings et al . 1990 ).
Land use/land cover in the watershed is predominantly forest (49%) and agriculture (20%; Fig. 2 ). Urban land use comprises 6% of the total area of the watershed, with the Traverse City urban region located on the shores of Grand Traverse Bay. The other main land cover categories are shrub/brush (15%), water (9%) and wetlands (1%). Landuse distributions for our analysis were obtained from the 1980 Michigan Resource Inventory System database (MIRIS). The population of the greater Grand Traverse Bay region has increased by 42% from 1980 to 2000, resulting in greater intensification of the 1980 land uses than in significant changes in land-use distributions. This is largely a result of the fact that almost all the forested land in the watershed is protected state forest and thus cannot be converted to any other land use.
The work described in this paper is part of a larger research effort in the GTBW to study the relationship between land use and water-quality indicators. Other components of this project include the development of geochemical fingerprints of land use through synoptic sampling of approximately 80 surface water-sampling sites in the watershed, modelling land-use change based on socioeconomic drivers, and fingerprinting Escherichia coli deoxyribonucleic acid to identify bacterial sources to streams and beaches. We previously developed and calibrated a groundwater-flow model for this region and simulated the transport of chloride from road salt to surface water-bodies (Boutt et al . 2001) . This model showed that although road salt is not the only source of chloride to this watershed, it is does appear to be the most significant on a regional scale. Through our surface-water sampling programme, we have also found strong associations between the amount of urban land in a drainage area and elevated levels of sodium, potassium and chloride in streams (Wayland et al . in press ).
METHODS

Grand Traverse Bay Watershed flow model
The groundwater model that was used in this research has two layers, over one million grid 100 × 100 m cells, and more than 34 000 river cells (Boutt et al . 2001) . Aquifer properties were obtained by compiling records of oil and gas wells and residential drinking wells in the watershed along with information from a detailed map of surficial geology (Farrand & Bell 1982) . The shale formation underlying the surficial aquifer or the overlying thick clay layer present in some areas of the watershed was identified in regional well logs and geostatistically interpolated to provide the bottom of the simulated aquifer. This shale/clay unit is assumed to be a confining layer impeding vertical flow. Six zones of similar glacial units were identified and assigned unique hydraulic conductivity values based on pump tests (Cummings et al . 1990) or published values for similar materials (Freeze & Cherry 1979) . Both layers were assigned the same value except where lacustrine sand and gravel overlied low conductivity clays. Head distributions simulated by the flow model accurately represented observed heads across the watershed; thus, the model was used to produce the reverse vectors necessary to simulate groundwater age distributions. 
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The hydrologic boundary of the groundwater system is shown in Fig. 3 overlain by the watershed boundary as determined by surface topography. The surface boundary is typically used to delineate the area of watershed for management purposes, but groundwater inputs to the corresponding surface water-body might not coincide with areas generating overland flow. Subwatersheds, or sourcesheds, also have different boundaries when determined by surface topography and groundwater flow.
Reverse groundwater flow modelling approach
Direct methods for dating groundwater age, such as isotopes and environmental tracers, rely on decay constants (isotopes) or time of introduction into the environment (environmental tracers such as chlorofluorocarbons and tritium). These methods are primarily useful for determining recent groundwater from older water (Domenico & Schwartz 1990 ). Direct methods cannot delineate specific areas within a sourceshed that have contributed groundwater to a stream over a specific time period due to limitations caused by the mixing of waters of different ages and the uncertainty of production, deposition and decay. Groundwater age distributions can be developed using a relatively new modelling technique introduced by Goode (1996) . Goode's direct simulation method uses a modified solute-transport equation with age substituted for concentration and a unit ageing term that increases by one for each day of the simulation (Goode 1996; Varni & Carrera 1998 ). An alternative modelling technique that has received little attention in the literature is reverseflow modelling, which was used in this project to generate groundwater age distributions for each sourceshed. Our approach involved modifying the regional flow and solute-transport model to simulate reverse groundwater flow, the resulting flow distributions at each time step are coupled with GIS analysis to examine the relationship between water quality measured at surface-water sampling sites and historical land-use patterns in each sampling site's drainage area. We first estimated the source region of water to each stream reach between sampling points, which we called a 'sourceshed.' The development of sourcesheds will be explained in greater depth below. We then simulated the travel time for water to reach the stream by tracking particles backwards from the streams to the water table along simulated groundwater flow paths. This groundwater transport time map depicted the time for groundwater to flow to reach any surface water-body, which ranges from current ages near streams to decades-old ages far from streams.
The regional flow and solute-transport model (Boutt et al. 2001 ) was used to simulate groundwater flow moving away from perennial streams instead of flowing to these discharge points. A similar approach was used to estimate historical nitrogen loading from the Waquoit Bay watershed (Brawley et al. 2000) . Brawley et al. (2000) used reverse-particle tracking to establish flow paths and groundwater travel times from streams, bay shoreline and ponds. Our approach differed in two respects. First, reverse flow is achieved by modifications to the MODFLOW code so that water flowed from surface-water discharge points backwards to recharge points. Forward-flow vectors were multiplied by −1 to produce reverse-flow vectors, and the recharge flux became evapotranspiration loss. Second, the solute-transport modelling with MT3D produced advective fronts that represented contour lines of travel time. Rather than tracking specific particles to establish travel times as was done by Brawley et al. (2000) , all surface water-bodies became sources of an unreactive species with a constant concentration of 1. As the solute-transport simulation progressed, a concentration front moved from discharge to recharge along groundwater flow paths. Areas within the Surface water sampling site GTBW surface water boundary Sourceshed surface water boundary Sourceshed groundwater boundary GTBW groundwater boundary concentration front were expected to contribute recharge water to surface water-bodies over the specified time-frame.
The model was run for 150 years and output was saved at annual time-steps. Output files for annual time-steps were processed by converting all cells with concentrations >0.5-1 and concentrations <0.5 as 0 because the advective front was represented by the 50% arrival location in advection dispersion simulations. All processed output files were then summed together to provide the number of years that an advective front was present. The final groundwater legacy map was then produced by subtracting this sum by one less than the maximum number of years (149). For ease of data manipulation, cell information was aggregated into 10-year intervals. This groundwater transporttime database depicts the time for groundwater to flow to reach any surface wate-body, which will range from current ages near streams to decades-old ages far from streams.
Sourcesheds
The resulting flow distributions at each time step are coupled with GIS analysis to examine the relationship between water quality and historical land-use patterns. We have developed both groundwater and surface-water sourcesheds for each sample point. Surface-water sourcesheds are based on DEM data, and groundwater sourcesheds were developed from the groundwater model. Although development of a groundwater flow model is the most accurate method of determining groundwater sourcesheds, they can also be developed using an interpolated map of measured head data, provided that enough data are available to approximate the location of the water table. Thus, an assessment of regional land-use impacts on stream-water quality can be developed without the expense of model development.
Sourcesheds were created within Arc/INFO GRID using the WATERSHED command. A raster drainage network was generated in GRID using the FLOWDIRECTION and FLOWACCUMULATION commands. Each sampling point was then assigned to a grid cell within the drainage network. The WATERSHED process requires a set of one or more seed points for which a drainage area will be delineated. To delineate the total sourcesheds, an Arc Macro Language script was used to iteratively select the 80 sample sites and seed the DEM using only one site at a time. Following delineation, each set of sourcesheds was converted to polygons. The polygon layer was then intersected with a gridded Level 1 Anderson land use/land cover data from the 1980 MIRIS.
The trave-time contour files for each decadal interval were clipped with the boundaries of each groundwater sourceshed using Arc/INFO. Data were organized by an integer code (001-147) containing information about decade and land use. Each line of data was assigned a code representing the decade (0-14) and the appropriate Anderson Level I land-se category (1-7) from the MIRIS database. For example, the value 21 represents the period 20-30 years before present and the land-use category urban (1). The value 103 indicates years 100-110 before present and forested land (3). The resulting grids were then stored as individual raster grids for future analysis. The portion of each sourceshed polygon in a particular land use for each decade was calculated by summing cells in that land use. The 3-digit combined code was then separated back into two sets of codes representing decade and land use. The resulting table was exported to a spreadsheet program and used to examine changes in the contributing area of a sourceshed over time, and also how land-use distributions within contributing area changes with decade.
SURFACE-WATER SAMPLING
The sourcesheds discussed in the following section were chosen based on a comparison of estimated annual mass loadings of nitrate, sodium and chloride at different sites in the watershed. Surface-water samples and flow measurements were taken during base-flow synoptic sampling in October 2000 at approximately 63 sites within the watershed. Sites 2, 5, 9 and 12 consistently had some of the highest mass loadings of solutes (Fig. 3) . These sites were also located in different regions of the watershed, and currently have a wide range of land-use types. Sites 2, 5 and 9 are mixed-use sourcesheds undergoing rapid urbanization, particularly in the downstream regions near the GTBW shore. Site 12 is located at the mouth of the south branch of the Boardman River and drains forested and agricultural land. In a typical watershed planning scenario, these drainage areas would receive high priority for management activities because of their contributions to total pollutant loads from the watershed, and we therefore chose to illustrate the relationship between land use and groundwater age in these four sourcesheds.
RESULTS AND DISCUSSION Groundwater flow and age distribution
The reverse flow and solute modelling produced a distribution of groundwater travel times across the watershed that appears to be reasonable given the hydrology of the system (Fig. 4) . Most of the watershed had travel times of <150 years for water moving from recharge at the water table to discharge in a surface water-body. Coastal regions discharged directly to the bay rather than streams and 5 6 7 therefore have no specified travel time in this map because the bay was not considered as a solute source in the reverse-flow simulation. The forward-flow model estimated that approximately 7% of all water discharging to Grand Traverse Bay was direct groundwater flux, with the remainder coming from rivers and streams (Boutt et al. 2001) . The longest travel times were found along the outermost edges of the watershed, although a slim band of longer travel times (indicated by dark cells) passes under the Boardman River. The map shows two distinct hydrological regimes in the southern half of the watershed: one controlled by the Torch and Elk Lake systems and the other controlled by the lower reaches of the Boardman. In the eastern portion of the watershed in the headwaters of the Boardman River, it appears that only shallow groundwater feeds the river, while deeper groundwater flows under the river and discharges in the lakes region. In the western portion of the watershed, groundwater flows towards the Boardman River or smaller streams that discharge directly to the bay. These groundwater flow paths would be unexpected if surface topography or even surface hydrology were used to predict groundwater movement. The groundwater sourcesheds of sampling sites north of the Boardman River in the vicinity of Torch and Elk Lake therefore encompass a far greater land area than surface sourcesheds would predict.
Groundwater travel time lag
The total temporal lag for the watershed is shown in Fig. 5 . This figure represents the percentage of cells in the model that contributed to surface-water flow over the given time interval. Approximately 70% of the watershed has a groundwater lag of ≤30 years, implying that water flushes through most areas in less than three decades. As expected, the area drained increases with time, but incremental additions to the contributing area decreases in size through time. After the fifth decade, most of the area of the total sourceshed has contributed flow to the streams.
When the temporal lags for individual sourcesheds are compared, flush times vary dramatically. Figure 6 shows the cumulative proportion of the total sourceshed area that contributes to current stream water in a given decade and the incremental area added during each decade. While 70% of the Site 2 sourceshed area has a groundwater lag of less than 30 years, at Site 5 the lag time is closer to 80 years. Sites 9 and 12 have 70% lag times of 7 decades. Water moves from the farthest reaches of the sourceshed to the outlet in 70, 120, 140 and 120 years for Sites 2, 5, 9 and 12, respectively, based on 95% of the total area of each sourceshed.
Variability in flush times is related both to the size of the sourceshed and its geology. Site 2 is the smallest sourceshed with an area of approximately 18 km 2 ; sites 5, 9, and 12 are 95, 110 and 212 km 2 , respectively. The effects of geology are reflected in the incremental additions of area, as shown in Fig. 6 , and also in the change of the slope in the cumulative area curves. The slopes of the curves are shallower as water moves through areas of lower hydraulic conductivity, such as tills (3 m/day) and dune sands (10 m/day). Water moves faster through lacustrine sand and gravel deposits (21 m/day) and outwash plains (24 m/day) and, therefore, more area per decade is added to the contributing area of the sourceshed in higher conductivity zones. The best example of this effect can be seen at Site 5 where the cumulative percent curve shows pronounced steps as the geology changes from sand and gravel to end moraine to outwash moving from the mouth of the sourceshed to its headwaters. The bottom curve representing the incremental addition of area per decade has two peaks during which a greater percentage of area is added to the sourceshed. These peaks likely correspond to high conductivity zones within the sourceshed. There are several implications of differences in flush times across a watershed for land-use planners and environmental managers. The reverse-flow model shows that the time period for groundwater to move through 90% of the area of a sourceshed fluctuates spatially in the GTBW (Fig. 7) . The shortest flush times (20-50 years) occur in small coastal sourcesheds, while larger coastal sourcesheds and the downstream reaches of large streams can have 90% flush times exceeding 80 years. Watershedmanagement strategies applied uniformly across the landscape to reduce solute loading will therefore have variable influence on stream chemistry related to the flush time of individual sourcesheds. An understanding of flush-time distributions can help target priority drainage areas and also create realistic expectations for the short-term effectiveness of management activities.
A second and related implication of our results is that regardless of the size or geology of a sourceshed, the lag time between groundwater recharge at the landscape surface and discharge in surface waters is significantly longer than the life of most management plans. Land-use plans are typically developed for relatively short time periods compared to groundwater travel times. County master plans in Michigan are redrawn at 5-year intervals; state environmental grants rarely exceed the same time period. Therefore, 20 years might be considered long-term planning. The effects of management practices might not result in water-quality improvements for many years, especially if implemented on land far from streams. In the GTBW, 60-80% of many smaller sourcesheds are drained in 20 years, while in some of the large sourcesheds, groundwater moves through less than 20% of the area during the same time period (Fig. 8) . Furthermore, management strategies to improve surface-water quality frequently focus on infiltration enhancement to reduce overland flow because run-off is often the greatest source of non-point source pollution in a watershed. Cassell & Clausen modelled a shift in phosphorus export from a field after run-off controls were implemented to increased loading through infiltration. Thus, some management strategies might initially improve water quality while resulting in continued loading to the groundwater system that will eventually discharge to surface waters. This is particularly a concern for conservative species, such as chloride and, to lesser extent, sodium.
Changing influence of land use on stream chemistry
Land uses are not evenly spread across landscapes and, therefore, the land-use distribution in the contributing area of a sourceshed will change as travel time front moves through the sourceshed. The patchiness of landscapes is reflected in Fig. 9 . Each curve represents the cumulative total of a land use within the contributing area for the time step divided by the total sourceshed area. In other words, the influence of a particular land use on stream chemistry changes depending on the time scale considered, and also depending upon the sourceshed in question as a result of landscape diversity. Site 2 does not exhibit much landscape diversity while Site 5 has patches of different land uses that variably influence stream chemistry with time. Within the 50-year travel interval, urban land comprises a larger percent of the contributing area than other land uses, but after the 60-year contour, agriculture, shrub and forest become important. Land-management strategies will clearly have the most immediate effect on water quality if implemented in the near-stream zones because the lag time between reductions in solutes and groundwater movement to streams will be lowest in this zone. Our model suggests that buffer zones should be based not on some arbitrary distance from streams but on groundwater travel times, and that management plans must consider the land-use distributions within the contributing area that correspond to the desired planning horizon.
Landscapes exhibit not only spatial variability but also temporal variability, and the incorporation of land-use changes over time adds another layer of complexity to the development of an accurate model of the influence of land use on water quality. Geographic Information System coverages of recent land use might not reflect conditions in the watershed during most of the transport period. More robust chemical signatures for individual land uses might appear if the legacy of land use is considered instead of a static distribution of land uses based on a single year, as is shown in Fig. 9 . The next step in our research is to merge the areas for each decadal time step with a land-use database corresponding to the appropriate time interval.
CONCLUSIONS
The approach presented in this paper provides a groundwater transport-time distribution that can be coupled with GIS-based land-use data to improve our understanding of linkages between land use and surface-water chemistry. We recognize that the impacts of overland flow and nearsurface groundwater flow during storm events represents a significant source of anthropogenic solutes to a watershed. However, our approach addresses the impact of land use on stream chemistry through groundwater inputs, both spatially and temporally, which is rarely given weight in management plans. The results from preliminary work with this approach illustrate the importance of considering the time lag between management activities in upland regions and effects in surface waters. Regions that have rapid transport to surface water can be quickly identified on the map of predicted travel times. Thus, rather than developing stream buffer zones based on some arbitrary distance, they can be determined based on the simulated travel time to surface water-bodies. The groundwater-flow model also emphasizes that surface topography does not always coincide with groundwater-flow patterns and, therefore, groundwater sourcesheds should be delineated along with surface sourcesheds to accurately target land uses contributing solutes to streams. In addition, the degree to which constituents measured in surface-water samples actually arise from groundwater inputs, and the influence of long groundwater-flow paths that integrate past with current land uses must be considered in the interpretation of land-use effects on surface-water quality.
Groundwater-travel time from recharge to discharge can be ≥100 years in some watersheds and, therefore, base flow is a mixture of groundwater ages. Therefore, base-low geochemistry is an integration of land use, both spatially and temporally. Effective watershed modelling and management efforts must address the imprint of past land uses on groundwater, or the land-use legacy. More robust relationships between stream chemistry and land uses might appear if a dynamic database of land uses is considered instead of a static distribution of land uses based on a single year. Future work with the reverse groundwater flow and solute-transport model will include the incorporation of multiple databases on land-use distributions in the watershed as far back as 1938. The model will also be used to predict the sensitivity of water quality at individual sampling sites to different land uses.
